Abstract -Two consecutive earthquakes temporary changed a zooplankton community in a high-mountain Lake Krn (altitude 1383 m a.s.l.). It was dominated by the eurytherm copepod, Cyclops vicinus, until 1998, when the first earthquake hit the lake (EMS = 5.6). After the earthquake, the population of C. vicinus collapsed and the thermophilic cladoceran, Ceriodaphnia quadrangula, took over. After the second earthquake in 2004 (EMS = 4.0), C. vicinus became untraceable. In 2008, few copepods reappeared and by 2010 they became the sole dominant again. Only Secchi-disc depth showed a statistically significant increase over time, while N tot , P tot and temperature showed an increasing trend, yet the relationship was insignificant. To compare multi-parameter properties of the water column, the studied period was divided into Period 1 (before the first earthquake), Period 2 (between earthquakes) and Period 3 (after the second earthquake). A Hotteling T 2 test confirmed a statistically significant difference between Periods 1 and 2 & 3 (P < 0.01), but not between Periods 2 and 3 (P > 0.1). During simple laboratory experiment, specimens of C. vicinus were covered with a thin layer of sediment, to mimic the earthquake's effect on their survival. A hypothesis was that the timing of both earthquakes had been crucial for decimation of C. vicinus population as they re-suspended sediment with hibernating copepodites. As these became subsequently buried they were deprived of a re-activation signal and exposed prolonged anoxic conditions there. C. quadrangula temporary filled the void left by the copepod, which needed 6 years to regain its dominance.
Introduction
High-altitude lakes in Europe and North America arose at the end of the last ice-age, approximately 15 000-10 000 years ago. Such alpine lakes are mostly small and sensitive to external or internal disturbance as their biological processes are slowed by low temperatures and/ or short ice-free periods (Battarbee et al., 2002; Catalan et al., 2002 Catalan et al., , 2009 . Their zooplankton communities are simple, and usually consist of one or two taxa of Calanoida, one Cyclopoida, one or two Cladocera, and some Rotifera (Luger et al., 2000; Cavalli et al., 2001; Jersabek et al., 2001; Brancelj, 2002; Schabetsberger et al., 2006 Schabetsberger et al., , 2009 . Analyses of sediment cores have revealed some changes in the species composition of their zooplankton and benthos, but most of these were caused by fish introduction, pollution, or climate change that rapidly altered the structure of these communities (for relevant references, see below).
Originally, high-mountain lakes were fishless. However, since the 15th century, most lakes in the Alps and elsewhere in Europe, and later also in North America, have been stocked with fish, predominantly with Arctic char and brown trout (Schabetsberger et al., 2009) . This induced incisive changes in zooplankton, reflected in novel species compositions and/or shifts in size classes (Goyke and Hershey, 1992; Johnson et al., 1996; Schabetsberger et al., 2006) . Ultimately fish can even eliminate all crustaceans while rotifers proliferate, and shift the lake ecosystem towards eutrophication (Brancelj, 1999; Brancelj et al., 2000a; Brancelj, personal observation) .
After 1850, atmospheric pollution caused a pH decrease in lakes with low alkalinity (Wograth and Psenner, 1995; Sˇporka et al., 2002) . Many pH-sensitive species (plants as well as animals) declined or disappeared (Fott et al., 1994; Cammarano and Manca, 1997; Gulizzoni et al., 2006; Sacherovaé t al., 2006) . Evidence that naturally occurring physical disturbances can have similar effects on zooplankton are rare, except for climate change. In the last two decades, many papers have dealt with the effects of recent (i.e., within last two centuries) climate change on water chemistry and biota in high-mountain lakes. Among the first studies on the effects of climate change on water chemistry (and consequently on biota) in an acidified mountain lake was that on the shallow lake, Hazenbach (Austria), where pH values increased during dry summer periods (Theis, 1994) . Experiments indicated that fluctuations of allochthonous dissolved organic matter, as a result of droughts and longterm climatic change, can affect littoral food webs (Vinebrooke and Leavitt, 1998) . Complex studies on the effects of increased air and water temperature on biological processes in mountain lakes were performed in the 1990s (the MOLAR project: http://emergent.mountainlakes.org/molar/; Koinig et al., 2002; Catalan et al., 2002; Heiri and Lotter, 2003) . Most of these studies, however, focused on diatoms and chironomids.
Among the indirect physical effects of climate change on lake biota are increased amounts of turbid glacial meltwater, which affect the vertical distribution of phyto-and zooplankton through attenuation of photosynthetically active radiation and ultraviolet radiation (Sommaruga, 2001; Samuel et al., 2011) . A similar effect in shallow lakes is wind-induced sediment re-suspension, which affects many physical and biological processes, including food gathering by zooplankton. In lakes with prolonged or frequent sediment re-suspension, the zooplankton community can be altered (Levine et al., 2005) .
Physical disturbances that last for short periods (seconds/minutes/hours) and are not climate-dependent, but can have long-lasting effects on land and aquatic ecosystems are earthquakes. They trigger landslides and erosion, temporarily increasing water turbidity (Korup et al., 2004) . On land, they can locally result in tilted and damaged trees (Carrara and O'Neill, 2003) , while in lakes they can induce mud flows of considerable thickness (Nomade et al., 2005) .
Earthquake effects on aquatic animals are little known, although effects can be expected, especially when mud flows are extensive. The affected groups are predominantly benthic. Among the rare, recorded effects of seismic activities on aquatic animals is a report from Lake Baikal, where an earthquake on August 1912 released a large amount of methane into the water column, causing a mass-kill of Baikal oil fish (Comephorus baikalensis (Pallas, 1776) and C. dybowskii Korotneff, 1905) (Radziminovich et al., 2010) . A few days before the strong earthquake (European Magnitude Scale/EMS/ = 6.3) that hit L'Aquila (Italy) on April 6, 2009 common toads (Bufo bufo Linneaus, 1758) disappeared from their breeding site and did not return until after the aftershock series declined (Grant et al., 2011) . The authors presumed that changes in ground water chemistry, as a result of production of hydrogen peroxide prior to seismic events, were the reason for this behaviour.
To date, no data pertaining to the effects of earthquakes on zooplankton are known. Theoretically, it can be affected if land-or in-lake sediment slides enrich the water column with nutrients released from re-suspended sediment and, thereby, increase primary production. Over the last 700 years, 17 earthquakes sufficiently strong to trigger landslides have occurred in the south-eastern part of the Alps (Vidrih, 2008) . Seven of them occurred after 1900. Two very strong earthquakes hit the area on April 12, 1998 (EMS = 5.6; earthquake I) and June 12, 2004 (EMS = 4.0; earthquake II), with an epicentre adjacent to Lake Krn in NW part of Slovenia (Fig. 1, line X) . Both triggered landslides on the surrounding slopes but none entered the lake. Albeit soon after both earthquakes, a change in the zooplankton community composition occurred.
Here, we describe the changes that took place over a period of 17 years, and test our insights into the mechanism leading from an earthquake to a faunal change and return by setting up some simple laboratory experiments.
Methods

Site description
The lake, situated at 1383 m a.s.l. within the Triglav National Park (TNP) (Fig. 1) in the south-eastern part of the Alps, a tectonically active area, has a surface area of 4.5 ha and a maximum depth of 17 m. In the radius of c. 20 km 12 more high-mountain lakes are present, situated between 1430 and 2150 m a.s.l., all smaller and shallower than Lake Krn. Ice cover on Lake Krns lasts between midNovember and March/April and thermal stratification between July and mid-September. It is dimictic and holomictic, with a temporary inflow as a torrent and outflow through a sinkhole on the shoreline. It is oligomesotrophic, with average Secchi-disc depth of between 5 and 7 m and with a trend of increased transparency in the last decade. In total, 53 taxa of algae occur in open water, with Chlorophyceae (16 taxa) and Conjugatae (12 taxa) the most abundant (Sˇisˇko and Kosi, 2002 ). Short-term hypoxia/anoxia occurs regularly in the 5 m of water just above the bottom in late winter/early spring and at the end of summer (Dobravec and Sˇisˇko, 2002) . Fish (Arctic char -Salvelinus alpinus (Linnaeus, 1758) and minnow -Phoxinus phoxinus (Linnaeus, 1758)) were introduced only once, in 1927.
Sampling
Zooplankton and limnological features (temperature of the water column, conductivity, major ions, Secchi-disc depth and chlorophyll = Chl-a) have been monitored between 1994 and 2010 above the deepest sector of the lake. Monitoring was conducted within the first two weeks of September, when the thermal stratification and plankton community were well developed. In the second half of September, rain normally starts in the area and stratification collapses, followed by a correlative decrease in zooplankton. Physical and chemical variables were measured at 2.5 m intervals from surface to bottom. Additional samples for studying the population dynamics of Cyclops vicinus (Uljanin, 1875), were taken as part of EU projects MOLAR and EMERGE on limnology and paleolimnology of high-mountain lakes between May 1996 and August 2000 (Catalan et al., 2009) . During both projects, zooplankton samples were collected 4-5 times during ice-free period and once during ice-cover or just after ice-melt each year. Within the MOLAR project, sediment samples were collected with a Kajak's gravity corer (three sediment cores, length: 50-70 cm; diameter: 5 cm) in order to analyse sub-fossils, particularly of Cladocera. Zooplankton (for monitoring and additional samples) was sampled with standard plankton nets (length: 1.5 m; mesh size: 100 mm; diameter: 20 cm) over the entire water column. On each sampling date, a set of three hauls (i.e., replicates) for qualitative analyses and a set of three hauls for quantitative analyses were collected. For each set of analyses, 1600 litres of the water column was filtered (20 cm of net diameter r 17 m depth r3 replicates). Each set of hauls was amalgamated in plastic bottles and stored in formaldehyde (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) or in 70% alcohol (onwards from 2006). An identical autumn monitoring program was performed also on other 12 lakes within TNP.
Long-term epilimnion temperatures (October 2000 to September 2010) were obtained using an 8-bit Minilog-TX sensor (Vemco Ltd, Canada, resolution 0.1 xC, 6 h sampling interval), which was placed 0.5 m below the surface above the deepest point of the lake. For statistical analyses, we included only temperatures i 4 xC and measured daily at 18.00 h. Average epilimnion temperatures were calculated as mean values of epilimnion during the first two weeks of September.
In September 2007, a census of fish population in the lake was performed. Overnight, 150 m of multi-mesh gill nets were stretched across the lake, from the surface to the depth of 5 m. Next morning, fish were removed from the nets, identified and counted. Samples for stomach analyses were stored in 60% alcohol.
Laboratory analyses
Zooplankton biomass was calculated after samples were dried at 60 xC for 24 h and weighed to the nearest 0.1 mg. Zooplankton samples were sub-sampled and species relative abundance determined (as %).
For the analysis of the population dynamics of C. vicinus, the animals were divided into four groups (males, females with and without egg sacs, copepodites) and their absolute and relative abundance determined.
Stomach content of fish was emptied on a mesh screen (mesh size 100 mm), washed to remove fine particles and then transferred to a Petri dish. Qualitative determination of stomach content was done at r40 magnification to the lowest possible taxonomic level.
Total phosphorus (P tot , in mg P.L x1 ), total nitrogen (N tot , in mg N.L x1 ), and alkalinity (in meqv.L x1 ) were measured from 1994 onwards. Samples for chlorophyll a analysis were treated according to Clesceri et al. (1998) and measured with a UV-Vis spectrophotometer at 664, 647 and 630 nm. Concentrations were calculated after Jeffrey and Humprey (1975) .
Statistical analyses
Data on lake chemistry and biology were separated into three periods: before the first earthquake (September 1994-April 1998=Period 1), between the first and second earthquake (April 1998-June 2004 = Period 2) and after the second earthquake (June 2004-September 2010=Period 3). Univariate differences among these three groups were tested using Tukey's HSD ANOVA test. The validity of these clusters for biological data was evaluated with a stratigraphically constrained cluster analysis (Grimm, 1987) . To minimize the effect of each environmental variable's distribution down the water column, the data for each year were normalized by calculating the Student's t-statistic.
Multiple regression was used for estimating the effects of individual environmental variables on C. vicinus and Ceriodaphnia quadrangula (O.F. Mu¨ller, 1785) dynamics.
Environmental variables were chosen with a backward selection procedure. In addition, differences between individual environmental variables, separated into the three periods, were assessed using a t test. Differences in multivariate space among the three periods were then assessed with a Hotelling T 2 test. In order to check for any gradients present in the data, we also performed a constrained ordination analysis (canonical correspondence analysis -CCA). Species present in less than three samples were not included in the analysis. The environmental data included Secchi-disc depth, average epilimnion temperature, alkalinity, P tot , N tot , Chl-a, total zooplankton biomass and conductivity. The statistical analyses were carried out in Past (Hammer et al., 2001 ), KyPlot v. 2.0 beta 13 and Canoco 4.5 (ter Braak and Smilauer, 2002) .
Laboratory experiment with C. vicinus copepodites
To test the hypothesis that hibernating C. vicinus copepodites can be eliminated by burial in sediment resuspended by an earthquake at low oxygen concentrations, a laboratory experiment was performed. Pelagic stages of C. vicinus, collected at the end of July, were used in the experiment. Two sets of six transparent plastic tubes (diameter: 6 cm; length: 90 cm), filled with 15 cm of lake sediment, and were topped with c. 20 cm of water. First, 50 C. vicinus copepodites (stages CIV and CV, i.e., adults) were narcotised with CO 2 and transferred to tubes with oxygenated lake water. Two tubes served as controls; four were put in a laboratory shaker (IKA 501 digital) for 12-15 s at 5 Hz to mimic an earthquake. Tubes were kept in vertical position, stored in dark at 8 xC and checked after 24 h for recovery of test animals. In the second part, all procedures remained unchanged except that oxygen concentration was reduced to c. 10% by adding CO 2 from a siphon bottle before transferring the animals to the tubes. Again, two tubes were left intact and four were stirred on the laboratory shaker. After 24 h tubes were aerated to 100% of saturation and after additional 24 h checked for recovery of the animals. Animals were narcotised with CO 2 to keep them immobile during the very first period of experiment -i.e., re-suspension of sediment and settling down to the bottom, where they were partly or completely covered by sediment.
Results
Environmental conditions
Only Secchi-disc depth showed a statistically significant correlation with time (Pearson, r= 0.692, P < 0.01). N tot , P tot and temperature also show an increasing trend, yet the relation is insignificant. On the other hand, PO 4 3+ shows a decreasing, marginally significant trend. Results were confirmed with a Tukey's HSD ANOVA test, comparing the three time periods. Secchi-disc depth (P < 0.01), temperature (P < 0.05), alkalinity (P < 0.05) and conductivity (Period 1:Period 2 P < 0.01, Period 2:Period 3 P< 0.05) exhibited the greatest differences among the three periods (Tab. 1).
In multivariate space, the pattern is somewhat different Period 1 (prior to the first earthquake) forms a distinct cluster, representing samples with smaller Secchi-disc depth and lower average epilimnion temperatures, conductivity, alkalinity and SO 4 2+ concentrations (principal component analysis; results not shown). A Hotteling T 2 test confirmed a statistically significant difference between Periods 1 and 2 and 3 (P< 0.01), while between Periods 2 and 3 the difference was insignificant (P> 0.1).
Instrumental records alone show that during an ice-free period (i.e., water temperature i 4 xC), between 2000 and 2010, a slight trend of increase in surface water temperature (y= 0.003x+ 11.906; R 2 = 0.0045) occurred. Maximum surface temperatures were between 19 xC (in 2004) and 23 xC (in 2010).
Fish census and stomach content
In 12 h, four specimens of Arctic char were caught (10, 11, 14 and 18 cm in length) and 75 minnows. All the minnows and small Arctic chars were collected less than 5 m from the shore, while the big arctic char was caught about 15 m from the shore. A survey in September 2007 revealed that: (a) the population of Arctic char is rather low and (b) minnows do not enter the pelagic zone.
Analyses of stomach content of fish revealed that one specimen of Arctic char had a small minnow in its stomach. In other two specimens, diet consisted of larvae and adult insects (Trichoptera, Ephemeroptera, Diptera: Chironomidae). Only the smallest specimens (10 cm in length) also fed on littoral Cladocera and Copepoda (Chydorus sphaericus (O.F. Mu¨ller, 1785), Eucyclops serrulatus (Fischer, 1851) ). Minnows mainly consumed littoral Cladocera, Copepoda, larvae of Chironomidae and also some Ceriodaphnia.
Zooplankton field analyses
During the study, 15 taxa were recorded, 9 of which were abundant: Protozoa (1 taxon), Rotifera (5 taxa), Cladocera (2 taxa) and Copepoda (1 taxon). C. sphaericus and cf. Spathidium sp. were not truly planktonic and their representatives were occasionally found in the water column, along with few specimens of E. serrulatus. Specimens of two Daphnia, Daphnia pulicaria Forbes, 1873 and Daphnia longispina O.F. Mu¨ller, 1785, were also found occasionally in 1998 and 1999, respectively. Stratigraphically constrained cluster analysis of species relative abundance support division of the timeline into three periods (1994-1998, 1999-2004 and 2005-2010) , delimited by both earthquakes (on April 12, 1998 and June 12, 2004) (Fig. 2) . Average biomass in the lake decreased after earthquake I (t-test, P< 0.01) and remained relatively low during the following years with an increasing trend after 2005 (Fig. 3) .
From 1994 to 1997, C. vicinus was the only crustacean in the zooplankton. It was also in the period between 1988 and 1993, but data were not included into analyses as different sampling methods/equipments were used. In September 1998, after earthquake I, few individuals of C. quadrangula were recorded. Next, C. vicinus decreased and C. quadrangula increased (Fig. 4) . In 2005, a year after earthquake II, no C. vicinus specimens were seen, while a dense population of C. quadrangula had developed. In 2008, with C. quadrangula still thriving, few individuals of C. vicinus had re-appeared. In 2009, C. vicinus increased further and by summer 2010 it had re-established a dominant position (Fig. 4) . A Pearson correlation coefficient confirmed the negative correlation between C. quadrangula and C. vicinus (r = x0.621, P < 0.01). Another cladoceran species, C. sphaericus, which is a littoral species, appeared in low numbers in the water column immediately after earthquake I and disappeared in the year when earthquake II occurred. 
Species -environment relations
The multiple regression model with Cyclops as the dependent variable showed four environmental variables that explain 66.8% of the variance (F= 6.04, R 2 = 0.668, P < 0.01). The included variables were P tot , epilimnion temperatures, biomass and Chl-a. The last two, together with N tot , Secchi-disc depth and alkalinity, were also included when Ceriodaphnia was the response variable. This model explained 74.4% of the variance (F = 6.39, R 2 = 0.744, P < 0.01) (Tab. 2). In the CCA, two environmental gradients are apparent. The first axis (eigenvalue = 0.345, F-ratio = 3.237, P < 0.05) represents a gradient from high biomass and phosphorous content to high alkalinity and Secchidisc depth. The second one (eigenvalue = 0.149, F-ratio = 1.602, P > 0.05) is dominated by only one factor, N tot . All seven environmental variables account for 52% of the variance in species data. The data points form three clusters, corresponding with the predefined time periods. The first period is dominated by C. vicinus and Filina longiseta (Ehrenberg, 1898). C. quadrangula dominates in Period 3. In the intermediate period, Rotatoria species are prevalent. Noteworthy are also the 2009 and 2010 data points. They move away from the Period 3 group towards the Periods 2 and 1. This reflects the second change in the zooplankton community structure, with Cyclops reappearing in the water column and supplanting Ceriodaphnia (Fig. 5) .
Population dynamics of C. vicinus in 1996-2000 C. vicinus hibernated in the benthos during winterspring (as copepodites CIII and CIV); its highest population in the water column occurred in late summer (as a mixture of CIII-CV stages). In September/October, approximately 70% of the population consisted of copepodites (stage CIV) and was followed by a rapid decrease of their numbers in the water column that A. Brancelj et al.: Ann. Limnol. -Int. J. Lim. 48 (2012) 113-123 remained low throughout winter (when only stage CV was present). Three weeks after earthquake I on April 12, 1998, few individuals appeared in the water column, which resulted in few males, females without eggs and juveniles (< 1 individual.L x1 of each group) in late summer (Fig. 6) .
Laboratory earthquake simulation
The experiment that mimics an earthquake revealed that about 90% of the narcotised copepodites (CIV and CV) regained activity in oxygenated lake water, regardless of whether they were covered with an additional layer of sediment or not (t-test, P> 0.05). In contrast, copepodites in de-oxygenated water showed a survival rate of only about 10%. There were also differences in age. Young specimens in de-oxygenated water hardly survived, while adult females recovered (Tab. 3).
Discussion
Two earthquakes, on April 12, 1998 and on June 12, 2004, severely affected the population of C. vicinus in Lake Krn. Other high-mountain lakes in its surroundings are populated with different zooplankton species, viz. D. longispina, Arctodiaptomus alpinus (Imhof, 1885) and Cyclops abyssorum tatricus (Kozminski, 1927) . All these were monitored in the same way, and at the same time, as Lake Krn, and no changes in their zooplankton community were recorded. The only significant changes in Lakes Dvojno Jezero and Č rno Jezero were the result of fish introductions (Brancelj, 1999; Brancelj, personal observation) . As all the lakes without fish are smaller and shallower than Lake Krn, the effects of earthquakes on their sediment were minimal or nil. Lake Ledvica, similar in size to Lake Krn (15 m deep, area of 2.2 ha) is oligotrophic, with well mineralised sediment and no nearbottom oxygen depletion and thus differs significantly from Lake Krn (Brancelj et al., 2000b) .
At the time of the earthquake, C. vicinus of Lake Krn were still hibernating, and consisted of copepodites (mainly as CIV) lying on top of the sediment. We expect the majority to have become covered by a layer of resuspended sediment as a result of the earthquakes. Some may have escaped earthquake I and started to build a new population (Figs. 2 and 4 ), but were already accompanied by C. quadrangula that developed a dominance after earthquake II (Figs. 2 and 4) . Earthquake II indeed decimated the hibernating, reduced population of C. vicinus a second time. Only in 2008 it could build a large enough population to become "visible" again in zooplankton samples; 2 years later it was again dominant. Although earthquake II reduced C. vicinus below the limit of detection, some specimens obviously survived. The neighbouring mountain lakes are all populated by C. abyssorum tatricus (Brancelj, 2002) . The nearest lake with C. vicinus is Lake Bled, at an elevation of 525 m and 34 km to the west. It is unlikely that specimens were transported from there in such a short period and the most probable source of specimens for re-building the population was the lake itself.
In the period between both earthquakes there was a coexistence of three crustacean species in the water column: pelagic C. vicinus, littoral C. quadrangula and benthic C. sphaericus (Fig. 2) . The last one completely disappeared from the water column after earthquake II. Its presence in the plankton requires a development of blue-green algae forming algal flakes to which it periodically attaches itself (Smirnov, 1971) , a behaviour also observed in the eutrophic high-mountain Lake Dvojno Jezero (TNP), where mats of filamentous green algae were present (Brancelj, personal observations) . As the concentration A. Brancelj et al.: Ann. Limnol. -Int. J. Lim. 48 (2012) 113-123 of Chl-a in the year immediately after earthquake I increased and then fluctuated until earthquake II, earthquake I triggered phytoplankton growth, including filamentous algae, supporting C. sphaericus. Earthquake II induced no additional increase of Chl-a. Temperature does not support the idea that warming of the epilimnion affected C. vicinus and favoured the thermophilic C. quadrangula. Actually, cladocearns decreased in 2008-2010 , when epilimnetic temperatures were relatively high -between 20 and 23 xC (maximum in 2010). To avoid such high temperatures, C. vicinus performs diurnal vertical migrations (Dussart and Defaye, 2001) , which is much less than the case in littoral Ceriodaphnia.
As earthquake I induced only insignificant (or at least brief) changes and earthquake II had no effect on the water column chemistry (Fig. 5) , we conclude that other factors, viz. mechanical effects of re-suspension of sediments, played the main role in the zooplankton community reversal. A (localised) effect of the earthquakes on the water column chemistry is seen in the brief planktonic episode of C. sphaericus. After earthquake I, additional nutrients released from the sediment supported planktonic algal colonies that functioned as "base-camps" for benthic species. No such evidence exists for the period after earthquake II, when no differences in the water column chemistry existed at all, although there were significant changes in the zooplankton community (Figs. 2, 4 and 5) .
In Alpine lakes, average sedimentation is < 1 mm.yr x1 (Appleby, 2000) . Under such conditions, copepodites rise from the sediment quite easily. But if buried after resuspension of the sediment, due to earthquakes or slumps (see Brancelj et al., 2000b) , the animals would have difficulty re-emerging. Additionally, buried copepodites would be exposed to an environment low in oxygen (Wetzel, 2003) . Increased oxygen concentration during spring turnover acts as a signal to stop hibernation (Dussart and Defaye, 2001) . But in Lake Krn after the earthquakes C. vicinus copepodites may have failed to detect increasing oxygen concentrations during spring turnover. In mesotrophic lakes, the penetration of oxygen into sediment during spring and autumn overturn is limited to few millimetres and is a slow process (Wetzel, 2003) . Lake Krn was mesotrophic when the earthquakes occurred, and oxygen concentrations in the hypolimnion dropped below 1 mg.L x1 (Muri and Brancelj, 2002) .
Sediment analyses in another regional mountain lake, Lake Ledvica, revealed an increased sedimentation rate after each earthquake (Brancelj et al., 2000b) . It has also been demonstrated that significant amounts of gas can be released from the bottom of a lake by seismic activity (Wetzel, 2003; Radziminovich et al., 2010) . Bubbles of methane (CH 4 ) or carbon dioxide (CO 2 ) trapped in the sediment are released and re-suspended in a thin layer of mud just above the bottom by earthquakes and this may have been sufficient to cover C. vicinus in Lake Krn with a layer of sediment. Re-suspension was probably of short duration: no increased turbidity above the lake bottom was detected few weeks after earthquake I (Brancelj et al., 2000b) . Our simple laboratory experiment demonstrated that even a slight cover of sediment had significant effects on copepodite survival under hypoxia or anoxia. Admittedly, physiological conditions of narcotised and dormant copepodites are not necessarily identical. However, their dormancy in the lake was close to its end and the animals' energy storage was low and "nondormant" enzymes were probably already activated. Thus, we expect that they were in a condition similar to narcotised copepodites. The experiment also demonstrated that narcotised copepodites CIV cannot survive in hypoxic conditions, covered by sediment, but adults can. An additional shock to these copepodites may have been a pre-earthquake groundwater chemistry change, as reported in L'Aquila (2009): "During tectonic activities highly mobile electronic charge carriers are activated. When they arrive at the rock-water interface, they act as oxygen radicals, oxidizing water to hydrogen peroxide" (Grant et al., 2011) . These authors found that toads (B. bufo) left their breeding site few days before the earthquake and did not return until after the aftershock series subsided. Hydrogen peroxide is toxic, and may have killed immobile copepodites, with the subsequent blanket of sediment simply increasing its lethal effects.
There is a fundamental difference in over-wintering strategy between C. vicinus (Copepoda) and C. quadrangula (Cladocera). In autumn, copepodites of C. vicinus sink to the bottom, at a constant low temperature (4 xC) and frequent hypoxia/anoxia occurs (Santer, 1998; Dussart and Defaye, 2001) . They diapause there until spring, slowly utilizing energy reserves. C. quadrangula, in contrast, produces resting eggs (ephippia), which collect in the littoral zone where there is no oxygen depletion. In spring, as a result of parthenogenetic reproduction, Cladocera reach high densities in a comparatively short time (Dumont and Negrea, 2002) .
Ephippia can survive for years or even decades before hatching (Dumont and Negrea, 2002; Fox, 2007) . Thus, copepodites in diapause are vulnerable to external disturbances, while cladoceran ephippia are not or are so to a much lesser degree. Another factor was the timing of both earthquakes: indeed, in spring, copepodites were still in dormancy. Had the earthquakes occurred a month later, the copepods would have left the benthos, and the effect of the earthquake would probably have been nil.
We conclude that the sudden decrease of the omnivorous C. vicinus in early spring 1998 and its radical elimination in 2005 were a direct consequence of a physical disturbance, perhaps combined with a potential change in groundwater chemistry, rather than food shortage. Its demise created an ecological void that was filled by the opportunistic C. quadrangula for about a decade. This suggests that this small-bodied cladoceran is normally suppressed by the copepod, even though its development time is of the order of a week only, while the copepod has one generation per annum. Gliwicz et al. (2001) found that C. abyssorum can, under specific conditions, control largebodied Daphnia by eating its eggs and neonates. In a case of C. vicinus and C. quadrangula, the copepod's herbivorous/omnivorous way of feeding suggests that competition was far more important. When C. vicinus was decimated, C. quadrangula temporarily took over. However, the gradual re-appearance of C. vicinus is evidence for its superiority in exploitation, although full recovery required seven generations. During this recovery, there was no significant change in water chemistry, and thus, neither the decline of C. quadrangula nor the increase of C. vicinus was caused by environmental change. Eventually, C. quadrangula was only found in the weedy littoral of the Lake Krn, where its numbers were controlled by minnows. These do not venture in the open water, where they are chased by Arctic char. Adult Arctic char does not consume pelagic C. quadrangula because it is too small and limited to the upper epilimnion where temperatures are too high for this fish, which comes to surface only briefly to catch bigger prey, like air-borne insects. Adult C. vicinus, on the other hand, is too agile to be consumed in numbers. Big-bodied Daphnia that appear from time to time in the Lake Krn, in contrast, are probably eliminated by the fish. Schabetsberger et al. (2009) reported relatively quick shifts (2-5 years) from large bodied zooplankton (Mixodiaptomus laciniatus (Lilljeborg, 1889), A. alpinus, Daphnia rosea G.O. Sars, 1862) to small bodied (Ceriodaphnia pulchella G.O. Sars, 1862, and several species of Rotifera) after Arctic char introduction to high-mountain lakes in Austria. In another lake, soon after piscivorous trout (Salmo trutta fario Linnaeus, 1758) had been introduced, the population of minnows was reduced and small-bodied C. pulchella was replaced by more competitive D. longispina (Schabetsberger et al., 2006) . The situation observed in zooplankton change in Lake Krn was essentially similar, but an earthquake, not fish, temporarily suppressed a successful competitor (= C. vicinus).
